Ti 3 AlC 2 tends to partially decompose into TiC phase during deposition by traditional thermal spray techniques, preventing their use in surface anti-corrosion applications.
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Introduction
MAX phases, with a general formula M n+1 AX n (M, early transition metal; A, an A-group element; X, carbon or nitrogen; n, 1-3) [1] have attracted attention because of their unique advantage of combined metallic and ceramic merits [2, 3] . On one hand, MAX phases exhibit metallic properties, such as good electrical and thermal conductivity, good machinability, and excellent thermal shock resistance. On the other hand, they exhibit ceramic properties, such as good high temperature mechanical properties [4] , and good oxidation resistance and corrosion resistance. Barsoum [5] listed potential applications as substitutes for machinable ceramics, wear and corrosion protection, heat exchangers, components where rotating parts are used, low friction applications based on basal plane lubricity [6] and ohmic contacts to SiC [7] [8] [9] . The archetypical MAX phase material, Ti 3 AlC 2 , is composed of hexagonal layers of Al separated by the layers of edge-sharing Ti-C. It is considered as a candidate for cladding tube coating materials in nuclear application owing to its good irradiation resistance [10] and good oxidation resistance [11] [12] [13] .
In order to enable applications in the above fields, several synthesis techniques for MAX phase films have been reported such as chemical vapor deposition (CVD) [14] [15] [16] , solid state reaction [8, 17, 18] ，physical vapor deposition (PVD) by cathodic arc [19] [20] [21] and magnetron sputtering [22, 23] . All these methods present many advantages in fabricating MAX phases, such as ohesion, good compactness, controllable element ratio, and the possibility to synthesize multilayer coatings [1] .
However, these processes also have some limitations. For example, a high process
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temperature (900 o C) is necessary to activate the chemical reactions in CVD [19] .
Sputter-deposition allows for synthesis of MAX phases at lower temperature than CVD, but typically still requires a deposition temperature of 700 o C or more [1] . In some circumstances, the preparation temperature should be kept low so as not to damage the substrates, especially during the deposition of coatings on steel or other temperature-sensitive substrates [24] . Cold spraying can maintain the integrity of Ti 3 AlC 2 phase because of its moderate operation temperature [25] [26] [27] . Rech et al. [25] and Gutzmann et al. [26] have fabricated MAX phase coatings using cold spraying.
However, because of the poor plasticity of Ti 3 AlC 2 , broken particles and cracks were found in the coatings. Recently, thermal spraying has been utilized to fabricate MAX phase coatings [28] [29] [30] . The obvious advantage of thermal spraying process over other deposition techniques lies in the fact that the spray facility has no strict requirement on the atmosphere (vacuum or gas-protection) and industrial scale synthesis is readily achievable. However, current popular thermal spraying techniques, such as atmospheric plasma spraying (APS), high velocity oxy-fuel spraying (HVOF), are not much applied to synthesize Ti 3 AlC 2 phase coatings because of the high flame temperature which tends to cause severe phase decomposition and/or oxidation of MAX phases [31] . Ti 2 AlC, rather than Ti 3 AlC 2 , coatings have been fabricated by HVOF [29] . For bulk materials, at high temperature (1550 o C), Ti 3 AlC 2 phase tends to decompose while Ti 2 AlC experienced decomposition to a more limited extent [36] .
Because of the lower thermal stability than Ti 2 AlC, high-purity Ti 3 AlC 2 coatings have not been synthesized by HVOF. It can be concluded that the remaining amount of the
Ti 3 AlC 2 phase is low for APS and HVOF.
Another new thermal spraying technology is liquid plasma spraying (LPS). Unlike traditional air plasma spraying, LPS employs a liquid flow to feed powder into heat source instead of the carrier gas. This change bypasses the heating step for the powder by the plasma torch, thus enabling the deposition of thermally-sensitive coatings [32] .
Many researchers have used this method to fabricate thermal barrier coatings [33] .
However, no liquid plasma sprayed MAX coatings have been reported until now.
Therefore, the aim of this work is to investigate the feasibility of fabricating Ti 3 AlC 2 coating from aqueous media using liquid plasma spraying. In order to obtain high purity coatings, a stable aqueous suspension containing Ti 3 AlC 2 was prepared by adjusting the pH values. The deposition mechanism of MAX phase deposited using LPS was also discussed.
Experimental details (1) Materials
According to the procedure in reference [34] , Ti 3 AlC 2 powders were synthesized by spark plasma sintering in our laboratory, and then grinded to break up the agglomerated materials. The particles with a size distribution from 1 to 100μm (30% of particles are smaller than 8.8 m, and 80% of particles are smaller than 39.9 m) were used as raw materials for atmospheric plasma spraying and liquid plasma spraying. 304 stainless steel plates with a dimension of 20×15×2 mm 3 were used as substrate. The substrates were sand-blasted to remove the oxides and cleaned with ethanol before deposition.
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(2) Ti 3 AlC 2 suspension preparation and liquid spraying parameters
The suspensions were prepared by adding 10 wt % Ti 3 AlC 2 particles in deionized water.
The mixture of deionized water and alcohol with the ratio of 1:1 was also used at the same content of Ti 3 AlC 2 particles. The pH was adjusted by nitric acid (HNO 3 ) and sodium hydroxide (NaOH).
A plasma spray system (APS-2000, Sulzer Metco) was used to fabricate Ti 3 AlC 2 coatings. The spraying distance from the outlet to the substrate was set as 100 mm and the power was 15±0.5 kW. For APS coatings, an F4 torch was utilized using an Ar/H 2 plasma gas mixture. The F4 torch is a commonly used torch in plasma spraying. Details of the F4 torch can be found in reference [35] . The gun velocity was 0.25 m/s. The same plasma spray system was used to produce both type of the coatings.
A system which detects the velocity and temperature of sprayed particles (DPV) was used to monitor the temperatures of the particles passing through the monitored surface.
The distance from outlet to the temperature monitoring instrument was set to 100 mm. 
Phase composition and morphologies of the sprayed powders
XRD analysis was performed in order to investigate the phase transformation of the feedstock powder during deposition. Fig. 1a shows the XRD patterns of feedstock powder and as-sprayed powders using APS and LPS approaches, respectively. The feedstock powders (bottom in Fig. 1a ) contained the Ti 3 AlC 2 phase in majority (93.2%) and also a small amount of TiC phase (6.8%). After deposition by traditional APS (second from bottom in Fig. 1a ), TiC phase became predominant in the coating, and most of the Ti 3 AlC 2 phase had been depleted, which suggests that the Ti 3 AlC 2 phase decomposed heavily due to the high temperature of the plasma torch. Only 20% of feedstock powders remained in the original phase, while others decomposed and oxidized into Ti 2 AlC, TiC, Al 2 O 3 and TiO 2 . This result is in agreement with others [31] .
The average temperature of particles in APS was higher than 2500 K as determined by the DPV temperature monitoring instrument. This temperature is much higher than
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Ti 3 AlC 2 decomposition temperature (1300 o C) [36] .
According to the XRD pattern of LPS coatings deposited with a mixture of water and alcohol (with the ratio of 1:1), most of the Ti 3 AlC 2 decomposed (second from top in Fig.   1a ). During this spraying process, a flame on the substrate could be observed optically.
The flame should be caused by the burning of alcohol, which implies high temperature under these circumstances. However, in aqueous LPS, no flame could be observed.
Compared with aqueous LPS, the flame would impart additional heat to cause the decomposition of Ti 3 AlC 2 rather than protect Ti 3 AlC 2 from decomposition. However, in the coating sprayed by aqueous LPS (with only deionized water as solvent) technique, the Ti 3 AlC 2 phase was preserved (top in Fig. 1a ). There is no obvious difference in the XRD patterns when compared with the raw powder. The number of peaks and the intensities of peaks are similar. As indicated by the vertical lines (Fig. 1a) , the main characteristic peaks of Ti 3 AlC 2 (2θ=9.517 and 39.037) are strong for coatings synthesized by aqueous LPS. The phase-purity of Ti 3 AlC 2 in the LPS coating was calculated, and the result shows that the percentage of Ti 3 AlC 2 phase in aqueous LPS coatings was 84.5%, which is considerably higher than what has been achieved by traditional thermal spraying [31] . The average velocity of the particles in LPS is 90 m/s.
Another interesting observation is that no TiO 2 phase was found in the XRD pattern of aqueous LPS coatings. This is in good agreement with previous work [37, 38] , where the early stages of oxidation of Ti 3 AlC 2 were investigated at 1373 K and 773 K. In our experiment, the spraying time was extremely short (~10 -3 s) and the temperature was much higher than 1373 K. In addition, the lack of observed TiO 2 may be attributed to
the different nucleation and growth rate of Al 2 O 3 and TiO 2 as a function of the temperature [12, 13] . Low temperature facilitates the preferential nucleation of TiO 2 , while at high temperature, the nucleation of Al 2 O 3 is preferred over TiO 2 . In LPS process, the temperature is higher than 2200 K which facilitates the nucleation of alumina. No TiO 2 could be found in the XRD patterns.
In order to see whether TiO 2 formed in the aqueous LPS coatings, Raman spectroscopy was used, as shown in figure 1b . A Raman mode at 400 cm -1 is seen in the spectra, which is identified as rutile [39] . The rutile is presumably not observed in XRD because it is too fine-grained and/or has low phase content. Additional peaks in the spectrum of coating appeared at 1320 and 1580 cm -1 . These peaks could be distinguished as graphite band (G band) and disordered/nanocrystalline carbon band (D band) [42, 43] , which demonstrates the formation of carbon after LPS.
This result is in agreement with references [44, 45] . The affinity of metals to oxygen is higher than that of carbon [44] , resulting in the formation of metallic oxides and the survival of carbon from oxidation. Similarly, carbon is present after hydrothermal oxidation and air oxidation of transition metal carbides [45] . But in this Raman spectroscopy, the intensity of the D and G bands was low, which means low
free-carbon content in the coatings. Because of the reaction between water vapor and carbon, the content of remaining carbon should be in accordance with these Raman results. According to the reference [46, 47] , CO 2 possesses higher partial pressures than CO at any temperature. At high temperature (higher than 500 o C), the partial pressure of H 2 is far higher than CH 4 . In the LPS process, the average temperature is higher than 2200 K and the water vapor is abundant which all facilitate the formation of CO 2 and
Surface morphologies of powders which were sprayed into liquid nitrogen by APS and LPS are presented in Fig. 2a to 2d. As shown in Fig. 2a , the morphology of the feedstock powders is irregular. In addition, small submicron-scale chips can be found on the particle surface. Compared with feedstock powders, some spherical particles which indicated the decomposition of Ti 3 AlC 2 occurred in the APS process (shown in Fig. 2b ). Additionally, newly-occurring phases in XRD patterns of APS coating verified the decomposition behavior. The high temperature caused the decomposition of Ti 3 AlC 2 and then remelted, forming spherical particles. EDS of the spherical particle surface and cross-section (as seen in Table 2 ) was applied to analyse the composition of these spherical particles. The result is that the constituent of this spherical particle is a mixture of titanium oxides and aluminium oxides. (Fig. 2c) , the Ti 3 AlC 2 content and morphology is consistent with feedstock
powders. Only tiny amounts of spherical particles could be found in aqueous LPS powders. As the solvent was a mixture of water and alcohol with the volume ratio of 1:1, the morphologies were significantly different from that of feedstock powders. In this spraying condition, some spherical particles occurred and the edges of particles became smooth and diffuse, indicating that the temperature was high enough to cause Ti 3 AlC 2 decomposition. The difference between these methods is mainly the Ti 3 AlC 2 particle temperature, which determines the decomposition of Ti 3 AlC 2 . Considering all of this, deionized water was used as solvent in the following experiments.
Effect of solution characteristics on fabrication of Ti 3 AlC 2 coatings
As is known, Ti 3 AlC 2 is more stable in basic solution than in acidic solution [48] .
However, in the LPS process, circumstances differ greatly from the situation in a static solution. For example, the processing temperature is high. Therefore, it is necessary to know the influence of pH value of aqueous solution using LPS. Accordingly, pH values of the liquid were adjusted by NaOH and HNO 3 , and the effect of solution characteristics on the microstructure of Ti 3 AlC 2 coatings was investigated. XRD patterns of Ti 3 AlC 2 coatings are shown in Fig. 3 . The evolution of phase content in coatings as a function of pH values of liquid solutions was also studied, and the result is summarized in Table 1 . The content of Ti 3 AlC 2 shows little divergence in acidic solution and neutral solution, respectively. Ti 3 AlC 2 is the predominately phase in these coatings.
However, it can be found that the content of Ti 3 AlC 2 phase remaining in the coatings deposited using alkaline solution was lower than that in coatings deposited using acidic
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and neutral solution. Besides water vapor, hydroxyl ion in alkaline solution can also react with Ti 3 AlC 2 . As aluminium can be leached out from Ti 3 AlC 2 , it can immediately react with OH -which makes more Ti 3 AlC 2 will be decomposed. This explanation may account for the influence of pH values.
Protective mechanism of Ti 3 AlC 2 coatings in aqueous LPS
Apart from the evaporation of water which absorbed heat from the spraying, other factors might play a role in protecting Ti 3 AlC 2 from heavy decomposition. The average temperature of particles in aqueous LPS measured by DPV2000 was 2261 K, which exceeded the decomposition temperature of Ti 3 AlC 2 particles. The average temperature of particles in APS is 2615 K. These two temperatures exceeded the decomposition temperature, but the results exhibited significant divergence. The composition of in-flight Ti 3 AlC 2 particles prior to impact to substrates was also investigated in order to reveal the deposition mechanism of aqueous LPS coatings. Ti-Al bonds in Ti 3 AlC 2 phase are relatively weak and the Al element is highly active, which is characterized by low vacancy formation energy and vacancy migration energy [50, 51] . The layered structure is favorable for the fast diffusion of water vapor or/and oxygen in the grains, which facilitates the rapid reaction of aluminium.
The reaction between Al and water vapor or/and oxygen may occur at the surface. The in-diffusion rate of water vapor and oxygen and out-diffusion rate of aluminium in alumina is slow. Besides the slow diffusion rate, the whole time of spraying process is extremely short. Therefore, the formed alumina attached to the surface plays an important role in protecting Ti 3 AlC 2 from heavy decomposition. The absence of Raman
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signal from the coatings is due to the screening effect of thin outer layer of titania phase.
In order to support our discussion, cross sections of collected Ti 3 AlC 2 particle were observed. The Ti 3 AlC 2 powders were sprayed into liquid nitrogen, and then dried. As shown in Fig. 4 , the contents of Al and O elements suddenly increased near the surface of the particles. Meanwhile, the Ti elemental content greatly decreased at the surface, which suggested that alumina formed outside particles in water vapor.
Microstructure of Ti 3 AlC 2 coatings
The Ti 3 AlC 2 coatings were prepared using aqueous LPS. The cross section microstructure and surface morphology of coatings are shown in Fig. 5a and 5b, respectively. In Fig. 5a , it can be seen that the thickness of the coatings ranged from 10 μm to 20 μm, and no cracks could be found in the coating. The crack observed in the cross section micrograph is at the interface between the coating and the epoxy resin.
Some pores can be observed in the cross-section (Fig. 5a ). Fig. 5b shows that the particles on surface of the coatings exhibit a similar morphology to the feedstock particles. Compared with the morphology of particles sprayed in liquid nitrogen (Fig.   2c ), the morphology of particles in the corresponding coating (Fig. 5b) is similar. Their morphologies are all consistent with that of the raw powder.
From the observed surface morphology of coatings, it could also be found that the coatings exhibit a large roughness. Some cavities smaller than 4 μm was also found on the surface of coatings. The roughness of the Ti 3 AlC 2 coating determined by a surface profiler varies from less than 1μm to 8μm. Because of the low densification, the adhesion could not be obtained by pull-out test.
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As a concluding point, LPS is a feasible method to synthesize Ti 3 AlC 2 coatings, but also leaves space for the further improvement (techniques to reduce the residual pores and roughness of the coatings). The drop of velocity of Ti 3 AlC 2 particles due to the evaporation of solvent during LPS process is the key factor. In future work, the protection of Ti 3 AlC 2 particles by steam and the minimization of kinetic-energy-loss due to solvent evaporation, should be balanced to achieve dense coating fabrication.
Conclusions
Liquid plasma spraying was used to fabricate Ti 3 AlC 2 coatings, and the influences of pH value and acid property on microstructures of coatings were evaluated. The main result can be drawn:
(1) The fabrication of Ti 3 AlC 2 coatings with high Ti 3 AlC 2 content using liquid plasma spraying is feasible.
(2) The pH value of solutions plays an important role for the purity of Ti 3 AlC 2 coatings.
The content of Ti 3 AlC 2 in coating is high when the solvent is acidic and neutral solution.
The content of Ti 3 AlC 2 phase remained in the coatings deposited using alkaline solution was lower than that in acidic and neutral solution.
(3) The high content of Ti 3 AlC 2 phase in coatings is attributed to the formation of alumina protective phase during the decomposition process of Ti 3 AlC 2 phase, which impedes further decomposition.
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Highlights
(1) High purity of Ti 3 AlC 2 coatings were fabricated using liquid plasma spraying (2) The effects of solution properties on coating microstructures were evaluated (3) The deposition mechanism of liquid plasma sprayed Ti 3 AlC 2 coatings was discussed
